Introduction
The Titin and Myosin light chain kinase (MLCK) family comprises a number of proteins which play an important role in the structure or the regulation of the Actin/Myosin cytoskeleton (Benian et al., 1999) . These include the smooth muscle and nonmuscle Myosin light chain kinases (sm/nmMLCK), skeletal Myosin light chain kinases (skMLCK) and the giant Titins, Projectins and Twitchins (Benian et al., 1999) . In addition to their characteristic serine/threonine kinase domains, they often have multiple immunoglobulin (Ig) domains, ®bronectin type-III (Fn3) domains, and PEVK-rich regions.
Since the molecular mechanisms by which they function remain largely unde®ned, the identi®cation of several members in genetically tractable organisms has sparked great interest.
So far only three members of this family have been identi®ed in Drosophila: Projectin (Daley et al., 1998 , Ayme-Southgate et al., 1991 , 1995 , D-titin (Machado et al., 1998; Hakeda et al., 2000) and a MLCK relative (Champagne et al., 1995 , Kojima et al., 1996 Tohtong et al., 1997) . Projectin, the Drosophila homolog of Caenorhaabditis elegans Twitchin, is encoded by the bent locus (Ayme-Southgate et al., 1991; Fyrberg et al., 1992) . Unlike Twitchin, whose unc-22 mutants have abnormal muscle contractions (Moerman et al., 1988) , homozygous bent mutants have apparently normal muscles that can undergo contractions, but they fail to develop and die as late embryos (Fyrberg et al., 1992; Ayme-Southgate et al., 1995) . Projectin is localized at the I band in indirect¯ight muscles and at the A band in other adult muscles (Saide, 1981; Saide et al., 1989) .
Drosophila Titin is also present in the sarcomere, as well as in mitotic chromosomes (Machado et al., 1998) . Unlike its vertebrate counterpart, this 2 MDa protein lacks the Fn3 and kinase domains and is instead composed primarily of Ig domains and a PEVK-rich region. Nevertheless, its role in muscle has been demonstrated in D-Titin mutants, which show defects in muscle organization, in addition to chromosomal defects (C. Machado & D.J. Andrew, personal communication) .
In Drosophila, a gene more closely related to MLCK was identi®ed based on partial cDNA and genomic sequences (Champagne et al., 1995; Kojima et al., 1996; Tohtong et al., 1997) . Northern blot analyses show that this MLCK-related gene expresses multiple transcripts, whose sizes ranges from 3.2 to greater than 18 kb (Kojima et al., 1996; Tohtong et al., 1997) , but the structure of the transcription unit responsible for these transcripts has not been de®ned. In comparison, the chicken and human sm/nmMLCK genes also produce multiple transcripts, ranging from 2.7 to 9 kb in size, which in turn are translated into proteins whose size ranges from 17 to 210 kDa (Collinge et al., 1992; Watterson et al., 1995 Watterson et al., , 1999 Birukov et al., 1998) . This``embedded gene'' concept enables a single transcription unit to produce several transcripts and protein isoforms via internal promoters and alternative translation starts (Watterson et al., 1995 (Watterson et al., , 1999 Birukov et al., 1998; Smith et al., 1998) .
The sequence of the region surrounding the MLCK-like locus has recently been released by the Berkeley Drosophila Genome Project (BDGP; Adams et al., 2000) . In the process of analyzing these genomic sequences, we were surprised to ®nd sequences encoding an Ig domain as far as 34 kb upstream of the sequences encoding the kinase domain. Though it seemed possible that this region was part of another gene, we hypothesized that it was part of a 40 kb transcription unit encoding a giant homolog of sm/nmMLCK. We undertook a complete characterization of this genomic region, starting with computer predictions, followed by inspection of sequences and homology pro®les to de®ne intron boundaries, and ultimately con®rmed those boundaries by cDNA and RT-PCR sequencing.
Here, we present the complete molecular characterization of this transcription unit. As with the human sm/nmMLCK gene, the structure of this Drosophila MLCK-like gene reveals the presence of several internal promoters, which produce a number of transcripts with overlapping ends. The structure we determined can account for each of the transcript sizes previously reported (Kojima et al., 1996; Tohtong et al., 1997) . Smaller transcripts (3.2 to 5.2 kb) encode proteins within the size range of vertebrate MLCKs (86 to 165 kDa), while its 13 kb transcript encodes a giant 497 kDa MLCK isoform. Its largest transcript, over 25 kb, encodes the largest protein sequence (8295 residues) reported so far for Drosophila. Among all proteins, it is second in size only to the Titins (26,926 residues; Labeit & Kolmerer, 1995) . We propose to name this proteiǹ`S tretchin-MLCK'' to re¯ect the MLCK-like kinase portion of the gene and the presence of a large PEVK rich region, similar to Titin's extensible PEVK rich region.
Results and Discussion
Cloning and sequencing of the Stretchin-Mlck locus
We cloned a fragment of Drosophila genomic DNA using degenerate PCR oligonucleotides targeting conserved amino acid residues in the kinase region of sm/nmMLCKs (Champagne et al., 1995) . This fragment contained MLCK-like sequences and was used to isolate a 16 kb clone (l-mlck16, Figure 1 (a)) from a Drosophila genomic library. Our sequencing efforts ®rst focused on a 10 kb region corresponding to the kinase domain (®lled portion of l-mlck16, Figure 1(a) ). Preliminary Northern analyses (our unpublished results; Kojima et al., 1996; Tohtong et al., 1997) detected, along with 3.6 and 5.2 kb transcripts, one transcript of approximately 13 kb and another over 18 kb in size. Those transcripts are much larger than would be expected for a typical sm/nmMLCK homolog. In chicken, the size of the largest sm/nmMLCK transcript detected is 9 kb (Watterson et al., 1995) . The presence of such large transcripts suggested that this transcription unit ought to include genomic DNA outside of the l-mlck16 clone. It is fortunate that the BDGP released the genomic sequence of this region. Our preliminary analysis found a number of Ig domain encoding sequences as far as 35 kb upstream of the region encoding the kinase. Since a transcription unit that spanned over 35 kb could accommodate the largest transcripts previously detected, we hypothesized that these sequences were part of the same transcription unit, which would encode a giant member of the MLCK family. The overall organization of exons (boxes) and introns (lines) is drawn to scale. The origin corresponds to nucleotide 211,000 of the AE003808 genomic sequence (BDGP, Adams et al., 2000) . The sequences we obtained from our genomic DNA clone (l-mlck16, bar) prior to the release of the BDGP contigs are depicted as ®lled portions. The arrows indicate putative neighbouring transcription units, Cyp4aa1 (from 40,000 to 38,000) and CG8366 (from 30,000 to 28,250) and CG15699 (0 to 1000). Both Cyp4aa1 and CG8366 are transcribed in the reverse with direction with regards to Stretchin-Mlck. Their exons span non-coding regions of Stretchin-Mlck, which is consistent with our model. Although CG8366 is transcribed in the same direction as Stretchin-Mlck, we have no reason to believe it is part of the same transcription unit. (b) Several exon-intron boundaries were con®rmed by cDNA sequences. Fully sequenced segments (shaded boxes), light shading indicates regions con®rmed by PCR and restriction digests. Exons skipped through alternative splicing (open boxes). GH26774, LD08971, GH27795, GH14667, GH19138, GH26970, GH22415 and HL02342 (BDGP/HHMI EST Project); AF257306 to AF257311 (additional sequences from BDGP/HHMI clones, this paper); U51473 (J. Saide, personal communication); AF255667 to AF255672 (Tohtong et al., 1997 and personal communication) ; D89661, D89662 and D89663 (Kojima et al., 1996) . pA indicates the presence of a poly(A) tail at the 3 H end of cDNAs (see the text). (c) Exon-intron boundaries not covered by cDNA sequences were veri®ed by 13 RT-PCR sequences (C, ®lled boxes). AF254359 to AF254372 (this work).
Mapping the exons of Stretchin-Mlck
To analyze several kilobases of genomic sequences, we ®rst tried using various computational resources in an attempt to distinguish exon from intron sequences (e.g. GeneFinder, GRAIL, MatInspector). In addition to being cumbersome and dif®cult to interpret on such a large scale, our preliminary analysis showed that most of these resources failed to detect a number of exons for which we had already determined the boundaries through comparison of existing cDNA and genomic sequences. Instead, we have developed a codon bias plotter (HighBias, see Materials and Methods), and found it to be more accurate when used in conjunction with BLASTX searches (Altschul et al., 1997) . Figure 2 depicts a typical example of how we determined the boundaries of (Mount et al., 1992) .
an intron, in this case the one between exons 11 and 12 (described below).
Having no a priori idea of where exons and introns were in this region, we used HighBias to identify open reading frames (ORFs) that were likely to be translated. This algorithm calculates the local frequency at which preferred codons are used for any given amino acid and plots this value for each reading frame in a different color. Overlaying the plots for each reading frame on the same chart facilitates the identi®cation of coding regions, as shown in Figure 2 (a) for the region spanning exon 11 and 12. This region appears to contain three distinct coding regions: two segments at each end, dominated by peaks in the``red'' reading frame (exons 10 and 13, yellow boxes, Figure 2 (a)), and a long intervening area, dominated by peaks in the``blue'' reading frame from nucleotide (nt) 21,250 to 22,750. Note that stop codons, depicted as black triangles, are absent from the reading frame of the indicated peaks, but frequent in the other two. Since the blue peaks cease to dominate in two places (valleys in dotted box, Figure 2 (a)), we decided to zoom on these areas to ®nd out if this was an intron, which usually has a low codon bias pro®le. While the second valley contains no stop codons in its blue reading frame (nucleotides 22,100 to 22,200, Figure 2(b) ), the ®rst valley contains one, highlighted by an arrow. This indicates that the blue reading frame is interrupted, which also suggests the presence of an intron. Using a compilation of BLASTX results for this region, we determined that the ®rst valley has a lower homology pro®le than the surrounding sequences (blue boxes, lower part of Figure 2(b) ). Indeed, the translation of the blue reading frame has fewer similarities to various proteins in its ®rst valley than, for example, in its second valley. The low codon bias, the low BLASTX pro®le and the presence of a stop codon are good indicators that the ®rst valley is not a coding region. This is in contrast to the second valley, whose blue reading frame contains no stop codons and has a high BLASTX pro®le, which suggest that it is probably a coding region, albeit with a low codon bias.
Upon closer inspection of the nucleotide sequence surrounding the ®rst valley (dotted box, Figure 2 (b)), we identi®ed characteristic intron sequences. Of the two potential splice donors we found (Figure 2(c) ), the ®rst one matches the consensus sequence GTAAGT almost perfectly (Mount et al., 1992) . We also identi®ed two valid splice acceptors, only one of which would allow exon 11's ORF to be spliced in frame with exon 12's ORF (Figure 2(c) , blue boxes). Finally, we identi®ed a potential branchpoint that closely matches the consensus sequence CTAAT (Mount et al., 1992) . The length of the proposed intron is 60 nucleotides and its boundaries are shown in Figure 2 (c) (arrows).
We performed similar sequence analyses over 50 kb of interest and identi®ed 28 putative exons, along with the predicted boundaries of the intervening introns.
The transcription unit of Stretchin-Mlck spans 38 kb
To con®rm each predicted intron boundary, we collected transcript sequences from three sources. First, we gathered the sequences from ten previously reported cDNAs (Figure 1(b) ). Second, we further sequenced six of eight cDNA clones (Figure 1(b) ) whose partial sequences were made available by the BDGP/HHMI EST Project (the other two were no longer available). Finally, for the remaining junctions, we generated and sequenced 12 RT-PCR products (Figure 1(c) ). These transcript sequences con®rmed 26 of the 28 putative exons and allowed us to identify an additional ®ve exons (exons 15, 16, 20, 24 and 26) . These exons were not detected by our sequence analysis because they contained the untranslated regions (UTRs) of alternative transcripts and therefore had no (or limited) protein coding regions.
The resulting genomic organization of the 33 exons and 32 introns is shown in Figure 1 (a). Table 1 lists the boundaries of all 33 different splice donors and 31 different splice acceptors. The difference in these numbers is due to alternative splicing events, described below. For the most part, the splice junctions agree well with the consensus sequences reported for Drosophila genes (Mount et al., 1992) . The intron junctions predicted by our sequence analysis were surprisingly accurate: 46 of the 49 predicted boundaries turned out to agree perfectly with the boundaries determined by comparison of transcript and genomic sequences. For the remaining three boundaries, our prediction was between 19 and 63 nucleotides away from the true boundary. Taking the ®ve additional exons into account, only ®ve out of 64 intron boundaries have yet to be con®rmed. We feel con®dent that those uncon®rmed junctions are close, if not exact, matches, since the accuracy of our approach has been high and the data pertaining to those junctions are among the most compelling (as detailed in Figure 2 for two of the ®ve junctions).
The Stretchin-Mlck transcription unit spans 38 kb of genomic DNA and the sequence from its 33 exons add up to a total of 28.4 kb. The intron size ranges from 52 to 2545 nt, with an average of 434 nt (Table 1) , within the reported range for Drosophila introns (Long & Deutsch, 1999) . Of greater interest are the exon sizes, which range from 92 (exon 4) to a remarkable 12,005 nucleotides (exon 6). To our knowledge, this is the largest exon ever reported in any Drosophila gene. Across phylogeny, it is second only to exon 16 of the C. elegans Ankyrin gene, which is 14,874 nucleotides long (Otsuka et al., 1995; M. Long, personal communication) . Even more surprising is that it consists of a single ORF. Though the sequence released by the BDGP (accession number DS08018) shows a slip in the reading frame of exon 6, we have found this to be an artefact. We sequenced both our own Drosophila genomic PCR and the P1 clone used by the BDGP. The sequences showed that our genomic template contained an additional nucleotide compared to the BDGP sequence, an adenosine at position 40,911. That nucleotide restored the ORF, thus the reading frame slip was not a sequencing error, but a base deletion in the BDGP clone, as con®rmed in the recent release of contig AE003808 (Adams et al., 2000) .
The proposed model for the Stretchin-Mlck transcription unit allows the theoretical splicing out of introns from the genomic sequence into several conceptual transcripts ( Figure 3 (e); see below). Most transcripts include modest ORFs, but the largest one includes a gigantic 25.2 kb ORF (1 3 33, Figure 3 (e)). Although the splicing out of introns between contiguous exons is for the most part responsible for the continuity of this exceptionally long ORF, three categories of alternative splicing events also come into play. The ®rst category involves the splicing out of translated exons, complete or partial (10 3 13, 31 3 33 and 31 3 32a 3 33, Figure 3 
Alternative splicing of coding exons
The splicing out of coding exons, our ®rst category of alternative splicing, occurs both in the middle and at the end of the Stretchin-Mlck transcription unit. In the former case, four cDNA sequences skip both exon 11 and 12 (GH27795, GH14667, GH19138 and GH26870, Figure 1 (b)), and therefore lack the sequences that encode four Ig domains. Though we were able to sequence the junction between exon 12 and 13 by RT-PCR (AF254368 and AF257312, Figure 1 (c)), all attempts at generating RT-PCR products between exons 11 and 12 with other exons failed. Our interpretation is that the most prominent transcripts skip these two exons, while a less abundant (or tissuespeci®c) transcript might retain these. We are convinced that both are bona ®de exons based on: (1) the strength of their codon bias; (2) their BLAST pro®les ( Figure 2 and above); (3) the quality of the predicted splice sites (Table 1) ; (4) the maintenance of the ORF integrity of upstream exons into downstream ones; and (5) that their conceptual translation follows the pattern of tandem Ig domains observed in neighboring exons (see below).
In contrast to the splicing out of exons 11 and 12, the removal of exon 32 alters the reading frame of transcripts as follows (D89662, AF255671 and AF255668, Figure 1(b) ). As reported previously (Kojima et al., 1996; Tohtong et al., 1997) , if exon 32 is present in part (32a) or in whole (32ab), one reading frame of exon 33 is read, while if exon 32 is completely skipped (31 3 33, Figure 3(b) ), a different reading frame is used in exon 33. Our RT-PCR experiments have con®rmed the existence of each of these alternatively spliced messages (not shown). In both cases, part of the calmodulin-binding domain is replaced by a stretch of unrelated residues which are unlikely to bind calmodulin, and as a consequence this will probably affect the regulation of Stretchin-MLCK's kinase activity.
Stretchin-Mlck uses internal polyadenylation signals to express isoforms that lack a kinase domain
In addition to the polyadenylation (pA) signal present in the last exon, both exons 15 and 16 contain signals for the addition of a poly(A) tail ( Figure 3(c) ; Wahle & Keller, 1992) , at positions 55,081 (ATTAAA) and 55,728 (AATAAA) of the genomic sequence DS08018. All three pA signals were con®rmed active by the presence of long poly(A) tails at the 3 H end of corresponding cDNAs (pA, Figure 1(b) ), at an appropriate distance from their respective pA signals. While we identi®ed the putative stop codons for all transcripts terminated at exons 16 (position 55,108-TAA) and 33 (position 67,674-TGA for transcripts skipping exon 32ab, and 67,901-TAG for the others, see above), neither cDNAs terminated at exon 15a contain an in-frame stop codon. Further investigation will be required to determine if and how the translation of those transcripts is terminated.
Since pA signals are usually associated with the end of a transcription unit, we were surprised to ®nd two active pA signals in the middle of what we hypothesized to be one long transcription unit. If those pA signals were indeed internal, we would expect to ®nd a subset of transcripts that spliced out these UTRs in order to maintain the reading frame integrity between upstream and downstream exons. Consistent with this model, we recovered sequences of three RT-PCR products that skip the pA signals from both exons 15a and 16 (AF257312, AF257313, AF254369 and AF254364, Figure 1(c) ). Instead these transcripts use alternative splice sites (14 3 15c and 15c 3 17, Table 1 ) to include only the last 88 nt of exon 15 (14 3 15c 3 17, Figure 3(b) ). In addition to removing the internal pA signals, this alternative splicing event allows the translation of exon 14 to continue into exon 17 without interruption, via the 88 nucleotide ORF of exon 15c. This second category of alternative splicing con®rms that the two pA signals in exons 15a and 16 are internal. This implies that while some mature messages span the entire transcription unit, others lack the sequences from exons 17 to 33, which encode numerous Ig domains and the kinase domain.
Sequence analysis identifies four internal promoters
As described above, transcripts of various sizes have been detected by Northern blotting, using probes speci®c to Stretchin-Mlck (our unpublished results; Kojima et al., 1996; Tohtong et al., 1997) . The existence of transcripts of various sizes has also been reported for the chicken and human sm/nmMLCK genes (Collinge et al., 1992; Watterson et al., 1995 Watterson et al., , 1999 . In these cases, a single transcription unit produces three transcripts, the smaller ones being initiated by internal promoters (Birukov et al., 1998 , Watterson et al., 1999 Smith et al., 1998) . If Stretchin-Mlck were to contain internal promoters, we should expect to ®nd (1) characteristic promoter sequences amongst coding exons and expect those promoter sequences to be followed by (2) exons corresponding to the 5 H UTRs od cDNAs and (3) good translation sites. In addition, we should also expect the existence of (4) splicing events that allow longer transcripts to splice out those UTRs to maintain the ORF integrity.
On the basis of these criteria, we have identi®ed four regions in the Stretchin-Mlck transcription unit that are likely to be internal promoters (preceding exons 7, 20a, 24 and 26, Figure 3(d) ). First, like the promoter present at the 5 H end of the gene, the four putative internal promoters contain a number of sequences that are characteristic of promoters (not shown). In each case, a high frequency of transcription factor binding site consensus sequences were found, along with several other hallmark sequences of Drosophila promoters, like TATA-, CAAT-or GC-boxes (Arkhipova, 1995) . For example, the 5 H UTR of cDNA D89661 starts at the third position of a nucleotide sequence that matches perfectly the Drosophila transcription start site consensus (TCATTCG), which is consistent with the presence of a promoter in the region preceding exon 24.
Second, three cDNAs (AF255672, D89661 and AF255671, Figure 1(b) ) contain 5 H UTRs that are consistent with our predictions for internal promoters that precede exons 20, 24 and 26. The identi®-cation of promoter hallmarks in the genomic sequence immediately preceding a cDNA's 5 H UTR is the most compelling evidence to support the existence of internal promoters in the StretchinMlck transcription unit. Although no 5
H UTR was recovered for exon 7, our sequence analysis determined that the coding region of exon 7 extends a minimum of 670 nucleotides upstream of the 5 H end of cDNA U51473 (not shown), where an in-frame ATG in an exceptionally strong translation start context was found (exon 7, Table 2 ). In the non-coding sequences preceding this ATG, there are no good splice acceptors that would allow the ORF of exon 6 to continue into exon 7, although there are several sequences characteristic of promoters. In addition, all our attempts at linking exon 7 to exon 6 by RT-PCR failed, which we would expect if exon 7 were only present at the 5 H end of transcripts initiated at this promoter.
Third, as is the case with the most 5 H promoter, each of our putative internal promoters is followed by a translation start site whose sequence context is in good agreement with the Drosophila translation start consensus (Table 2 ; Cavener & Ray, 1991; Dalphin et al., 1998) . Each of the ®ve ATGs we assigned sits at the 5 H end of a long ORF, and three of these (exons 1, 20 and 24; not shown) are present near the end of the ®rst exon following their corresponding promoter region, a feature typical of translation starts in Drosophila and other species.
Fourth, by designing the appropriate RT-PCR experiments and studying cDNA sequences, we con®rmed the existence of transcripts that splice out the untranslated sequences associated with each putative internal promoter. As depicted in Figure 3 Figure 1B ). Careful inspection of previously published Northern results con®rms that the two larger transcripts, initiated by upstream promoters, lack exon 24, since they fail to hybridize to a probe speci®c to exon 24 (Kojima et al., 1996, Figure 5(b) , probe B). This is consistent with our model, in which exon 24 would only be present at the 5 H end of transcripts speci®c to this promoter. As was the case for the splicing out of UTRs associated with internal pA signals, the splicing event that removes each internal promoter region allows upstream exons to be joined in frame with downstream ones. This third category of alternative splicing provides an effective mechanism by which a single transcription unit can use internal promoters to initiate the transcription of shorter messages without interfering with the translation of larger ones.
Although at this point we cannot rule out the possibility that there is only one promoter whose transcripts are spliced in with any of the 5 H UTRs described above, we feel that the evidence supporting the presence of four internal promoters in Stretchin-Mlck is compelling. In further support of this ®ve promoter model, the experimental data concerning message sizes is completely consistent with our size predictions, as described below.
Stretchin-Mlck's largest transcript is over 25 kb
Taking into consideration each possible combination between the ®ve promoters and three pA sites, we have assembled the sequences of seven major conceptual transcripts (Figure 3(e) ), which fall in two categories based on the pA site at which they end. The ®ve transcripts from our ®rst category all end with the pA signal present in exon 33, but are initiated at one of the ®ve promoters (exon 1, 7, 20, 24 or 26, Figure 3(e) ). Since the size of Stretchin-Mlck transcripts corresponding to this category has already been estimated experimentally (our unpublished results; Kojima et al., 1996; Tohtong et al., 1997) , matching the predicted size of our transcripts with the experimental data could provide us with the means to validate part of our model.
For instance, our two smallest transcripts are predicted to be 3.3 kb in length (24 3 33 and 26 3 33; Figure 3 (e)), which corresponds well to the 3.5-3.6 kb messages detected by Northern blotting. Our third largest transcript (20 3 33, Figure 3 (e)) is predicted to be 5.2 kb and matches closely the 5.0-5.2 kb messages determined experimentally. Our second largest transcript (7 3 33, Figure 3 (e)) is predicted to be 13.7 kb, which matches the 13 kb message reported by Kojima et al. (1996) but overlooked by Tohtong et al. (1997) . Finally, the length of our largest transcript (1 3 33, Figure 3 (e)) is predicted to be 25.2 kb. Although the largest message detected by Northern blotting was estimated to be 18-19 kb, we believe the reported size to be a poor estimate of the actual message size. This discrepancy is likely due to the imprecise nature of extrapolating the size of large RNA transcripts, especially when using a double-stranded DNA molecular mass marker to estimate the size of single-stranded RNA molecules (Kojima et al., 1996) and given the inherent non-linearity of size versus mobility that characterize the migration of large transcripts in agarose gels. Overall, the experimental data match our size predictions extremely well.
Our second category of transcripts uses one of the two internal pA signals (exon 15a or 16). The predicted sizes of transcripts 1 3 16 and 7 3 16 (Figure 3(e) ) are respectively 19.2 kb and 7.7 kb, both of which are approximately 500 nt longer than transcripts 1 3 15a and 7 3 15a (not shown). To simplify this discussion, transcripts 1 3 15a and 7 3 15a will be considered equivalent to transcripts 1 3 16 and 7 3 16, respectively, since their ORFs are nearly identical. Although the putative 19.2 kb transcript matches the size of the largest message determined experimentally (see above), this transcript does not contain exons 29 to 31, the sequences targeted by the probe used in those experiments (Kojima et al., 1996; Tohtong et al., 1997) . Further experiments will be required to con®rm the size of the transcripts encoded by exons 1 3 15a, 1 3 16, 7 3 15a and 7 3 16.
Stretchin-Mlck is a complex of two independent non-overlapping transcription units
The data presented in the previous sections suggest that the Stretchin-Mlck transcription unit has characteristics that to our knowledge have not been described previously. Indeed, the presence of three internal promoters (exons 20a, 24 and 26) downstream of the internal pA signals (exons 15a and 16) raises the possibility that Stretchin-Mlck can produce three sets of transcripts, two of which do not overlap at all.
The ®rst set, represented by transcripts 1 3 16 and 7 3 16 (a set, Figure 3 (e)), are initiated at either the ®rst or second promoter, but are terminated at the internal pA signal in exon 15a or 16. The second set, represented by transcripts 20 3 33, 24 3 33 and 26 3 33 (b set, Figure 3 (e)), are initiated by one of the internal promoters downstream of exons 15a and 16, and are terminated at the last pA signal. The third and last set, represented by transcripts 1 3 33 and 7 3 33 (ab set, Figure 3 (e)), are initiated at either the ®rst or second promoter and are terminated at the last pA signal in exon 33.
It is obvious that the transcripts of the a and ab sets overlap extensively in their 5 H end, as do the transcripts of the b and ab sets in their 3 H end. However, because the a and b sets use combinations of promoters and pA signals that are distinct from one another, they share no common sequences. Therefore, the a and b sets can by de®-nition be considered the products of two independent transcription units. As a result, this locus can function as a single transcription unit, which produces composite ab transcripts, or can be split in two smaller, a and b, non-overlapping transcription units. To our knowledge, the possibility of such a transcriptional``gene ®ssion'' has never been discussed in the literature. The implications of this mechanism on the function of the StretchinMlck gene are better understood when comparing the conceptual translation of each transcript, as described below.
Stretchin-MLCK is a 926 kDa kinase with 32 immunoglobulin and two Fn3 domains
The conceptual translation of Stretchin-Mlck's giant 25.2 kb ORF encodes an 8,295 amino acid protein, with an estimated molecular mass of 926 kDa. Stretchin-MLCK contains the four hallmark protein motifs of the Titin/MLCK family: the Ig domain, the Fn3 domain, the PEVK region and an MLCK-like kinase domain. The Ig and Fn3 domains are found in a large number of extracellular proteins and in several muscle proteins. While human skeletal Titin contains 166 Ig and 132 Fn3 domains (Labeit & Kolmerer, 1995; Kolmerer et al., 1999) , the largest human sm/nmMLCK isoform described so far contains only nine Ig and one Fn3 domains (Garcia et al., 1997) . Both domains consist of approximately 100 residues folded into the b sandwich motif, composed of seven antiparallel b strands. These globular domains are about 2.5 nm wide and 3.5-4.0 nm long (Holden et al., 1992; Leahy et al., 1992) , and frequently occur in tandem repeats producing extended rods. In addition to interacting with other proteins, the Ig and Fn3 domains can provide a physical extension between functional domains of a protein. This is epitomized in skeletal muscle Titin, whose N-terminal end binds to proteins in the Z-disc, which is over 1 mm away from its C-terminal kinase domain, located in the midregion of the sarcomere .
Stretchin-MLCK's coding region contains 33 Ig domains (one is exclusive to transcripts initiated at exon 7) and two Fn3 domains. These sequences are aligned in Figure 4 
Stretchin-MLCK contains two highly repeated PEVK regions
The third motif common to Titin/MLCK family members is a region rich in proline (P), glutamic acid (E), valine (V) and lysine (K) residues, hence designated the PEVK region (Labeit & Kolmerer, 1995) . In human skeletal Titin, this region spans up to 2,174 amino acid residues, 74.3 % of which are P, E, V and K residues, with no obvious pattern (Labeit & Kolmerer, 1995) . Titin's PEVK region has been identi®ed as the segment responsible for the passive tension and elastic properties of the sarcomere upon signi®cant physiological stretch (Trombitas et al., 1998; Linke et al., , 1999 Linke & Granzier, 1998) . Analogous regions are present in Twitchin and sm/nmMLCKs, although they are much smaller than Titin's PEVK region. Twitchin contains two D/E, S and P-rich regions (aspartic acid, glutamic acid, serine and proline, respectively) of 167 and 189 residues, separated by one Ig domain (Benian et al., 1993) . Mammalian sm/nmMLCKs also contain two short regions with an internal repeated pattern, whose number varies depending on the species. In human, the N-terminus of brain MLCK contains a 24 to 28 residue motif, repeated ®ve times, which has a 42.0 % PEVK content (Potier et al., 1995) . This repeat is followed by a 12 residue motif, also repeated ®ve times, with a 35.4 % PEVK content.
Like sm/nmMLCKs, Stretchin-MLCK also features two regions with repeated motifs and a high PEVK content (55.4 %). However, their sizes, 628 and 748 residues, respectively, are closer in magnitude to the PEVK-rich region of Titin. We named both repeated regions after a stretch of residues from their respective consensus sequence (Figure 5(a), boxes) . The ®rst series of ten repeats contains the actual sequence PEVK, the term originally used to describe amino acid content of a region from Titin (not its sequence), while the second series of 12 repeats contains the amino acid sequence SAIDE (serine, alanine, isoleucine, aspartic acid and glutamic acid). We chose this segment to identify the repeat to acknowledge Dr J. Saide's contribution of the U51473 cDNA sequence, which sits a few kilobases downstream of the SAIDE repeat.
In Stretchin-MLCK, the PEVK and SAIDE repeats both consist of highly conserved tandem repeats of a 65 amino acid sequence (Figure 5(a) ). On average, the PEVK repeats are 90.2 % identical with one another, while the SAIDE repeats are 84.3 % identical. Moreover, the consensus sequences of the PEVK and SAIDE repeats are 50.8 % identical with each other. Their similarity is even more striking when looking at the pattern of hydrophobic and charged amino acids ( Figure 5A ). Although Titin's PEVK region contains no such repeating pattern, the amino acid content and the general protein context suggest that the PEVK and SAIDE repeats will provide Stretchin-MLCK with Titin's spring-like properties.
The PEVK and SAIDE repeats are both immediately preceded by 187 residue segments whose sequences are 64.2 % identical with one another (Figure 5(b) ). These segments are rich in leucine (L), isoleucine (I), lysine (K) and glutamic acid (E), which account for 49.2 % of the residues, but have no obvious structural pattern or strong homology to any proteins in the databases. Given the high frequency of L, I, K and E residues and that they precede Stretchin-MLCK's spring-like portion, we have dubbed those regions the handle-LIKE domains.
It is interesting that the highly repetitive nature of this region is also apparent at the nucleotide level. The nucleotide sequences of the PEVK repeats are 94.0 % identical with one another, the SAIDE repeats are 92.7 % identical, while the consensus PEVK nucleotide sequence is 59.2 % identical with the SAIDE consensus. On the other hand, the nucleotide sequences encoding the handle-LIKE domains are 69.5 % identical. The high level of homology of the sequences encoding the PEVK and SAIDE repeats suggests recent intragenic duplication events or conservation of DNA sequences for reasons other than protein coding potential.
Stretchin-MLCK forms a new subfamily within the Titin/MLCK family
The fourth motif common to Titin/MLCK family members is the kinase domain. Figure 6 shows the phylogenetic tree of the kinase domains of proteins related to the Titin/MLCK family. Within each subfamily, the level of homology is high. For example, the six sm/nmMLCKs are, on average, 92.4 % identical with one another, the three (Machado et al., 1998) , human sm/nmMLCK (Garcia et al., 1997) , Drosophila Projectin (Daley et al., 1998) , C. elegans Twitchin (Benian et al., 1989) , Drosophila Kettin (Lakey et al., 1993) and C. elegans Unc-89 . (b) Alignment of Stretchin-MLCK's two Fn3 domains with selected Fn3 domains from human skeletal Titin (Labeit & Kolmerer, 1995) , human sm/nmMLCK, Drosophila Projectin, C. elegans Twitchin. (a) and (b) Residues are displayed with the ClustalX color scheme (red, basic; purple, acidic; blue, hydrophobic; etc.). Most Ig and Fn3 alignments (other than Stretchin-MLCK) are from Kenny et al. (1999 and personal communication) . (Garcia et al., 1997) ; rabbit (Gallagher et al., 1991) ; cow (Kobayashi et al., 1992) ; sheep (Pato et al., 1995) ; chicken (Watterson et al., 1995) ; gold®sh (Jian et al., 1996) . skMLCKs: rabbit (Herring et al., 1990) ; rat (Roush et al., 1988) ; chicken (Leachman et al., 1992) . Drosophila Stretchin-MLCK (this work). Drosophila Calmodulin kinase I and II, CG1776 and CG1760 (BDGP, Adams et al., 2000) . Human ZIP and DAP kinase (Kawai et al., 1998; Inbal et al., 2000) . Dictyostelium discoideum MLCK (Tan & Spudich, 1991) . Twitchins: Aplysia (Heierhorst et al., 1996) ; Mytilus (Siegman et al., 1998) ; C. elegans (Benian et al., 1989) ; Drosophila Projectin (Machado et al., 1998) . Titins: human (Labeit & Kolmerer, 1995) ; rabbit (Sebestyen et al., 1996) . Drosophila Stretchin-MLCK skMLCKs are, on average, 89.4 % identical, the two Titins are 97.1 % identical, while the four Twitchin/Projectins are, on average, 69.7 % identical. As expected, when comparing one subfamily to another, the level of identity drops. For example, the sm/nmMLCKs are, on average, 55.3 % identical with the skMLCKs, 44.6 % identical with the Titins and 52.2 % identical with the Twitchin/Projectins.
Although the kinase domain of Stretchin-MLCK appears to be closer to the sm/nmMLCKs and skMLCKs on the phylogenetic tree (Figure 6 ), their level of homology is not high enough to justify assigning Stretchin-MLCK to either subfamily. Indeed, Stretchin-MLCK's kinase domain is, on average, 56.7 % and 53.0 % identical with the sm/ nmMLCKs and the skMLCKs. This level of homology is signi®cantly lower than that found between members of the same subfamily, and is in fact in the range observed when comparing members from different subfamilies.
Stretchin-MLCK also stands out from the other families because the organization of its protein motifs (Figure 7 (a)) does not follow the pattern characteristic for any pre-existing subfamily (Figure 7(b) ). For instance, it can neither be assigned to the skMLCKs, since those have no Ig or Fn3 domains, nor to the sm/nmMLCKs, which have one Fn3 and up to nine Ig domains, while Stretchin-MLCK has two Fn3 and 32 Ig domains. Finally, Stretchin-MLCK's two large PEVK regions suggest a relatedness to the Titins or Twitchin/ Projectins, but members of those subfamilies always contain dozens of Fn3 domains that are arranged in speci®c patterns with Ig domains (Figure 7(b) ). For these reasons, we have assigned Stretchin-MLCK to a new subfamily, of which it is the ®rst member. Nevertheless, this large and complex transcription unit has the potential to encode traditional forms of nm/smMLCKs and skMLCKs, as described below.
Stretchin-Mlck's seven conceptual transcripts encode Titin-, Unc-89-, Kettin-and MLCK-like proteins As summarized in Figure 7 (a), each of StretchinMlck's seven conceptual protein isoforms contain various numbers of the protein motifs described above. The largest transcript (25.2 kb) encodes the full-length 926 kDa protein, which we named Stretchin-MLCK to re¯ect both its extensible PEVK-rich region and its MLCK-like kinase domain. Stretchin-MLCK shares many features with the Titins and Twitchin/Projectins, which could help us understand its biological function. For example, it contains 32 Ig domains and two Fn3 domains (open and striped cylinders, Figure 7(a) ). Both Ig and Fn3 domains are involved in a number of protein-protein interactions, which play an important role in the ultrastructural integrity of the sarcomere. Like Titin, Stretchin-MLCK contains an extensive PEVK region (coils, Figure 7 (a)), which is responsible for some of the extensible properties of Titin. Stretchin-MLCK also has a kinase domain (K in ®lled box, Figure 7(a) ), whose substrates are likely to include the Regulatory light chain of non-muscle Myosin, as suggested by the phosphorylation of chicken smooth muscle Regulatory light chain by a recombinant Stretchin-MLCK kinase domain (Kojima et al., 1996) . Finally, Stretchin-MLCK contains three regions for which no structural or functional information is available: the two handle-LIKE domains, which precede the PEVK and SAIDE repeats (handle, Figure 7(a) ) and a large, 1706 amino acid long unique segment (®lled rectangle, Figure 7(a) ), which precedes the ®rst handle-LIKE domain. Since it has several of the features that are important in Titin and Twitchin/Projectin's function, the full-length Stretchin-MLCK protein might also be involved in the ultrastructural organization of the sarcomere, and perhaps, like vertebrate Titin, provide some of the sarcomere's elastic properties through its PEVK and SAIDE repeats. Northern analysis suggests that the long 25.2 kb message (referred to as 18 kb by Kojima et al., 1996, see above) that includes these domains was detected from larval to adult stages, with a peak during early pupal stages, at which time adult muscle development occurs. Using a probe corresponding to the exons that encode the kinase domain, which are part of the 25.2 kb and other transcripts, the same authors described in situ hybridization patterns that highlight developing muscle tissues, including the body wall muscle, which is reminiscent of Twitchin's protein expression.
In our model, the second largest transcript (13 kb) encodes a 497 kDa isoform that contains two Fn3 and 26 Ig domains (Giant MLCK, Figure 7 (a)). Its N-terminal end is speci®c to transcripts initiated at exon 7, which includes one Ig domain (highlighted by an asterisk, Figure 7 (a)), as well as a 455 amino acid long unique region (®lled rectangle, Figure 7(a) ). Since this isoform lacks the PEVK and SAIDE repeats, it resembles more a giant MLCK than a Titin. Nevertheless, we speculate that the 497 kDa MLCK is also involved in adult muscle function, since the 13 kb transcript expression starts in pupal stages and peaks in adults (Kojima et al., 1996) .
The conceptual translation of the three smaller transcripts, the 5.6 and two 3.3 kb messages, produce three shorter kinase isoforms (167, 102 and 86 kDa, Figure 7(a) ), which contain respectively seven, four or no Ig domains and only one Fn3 domain. This is comparable to the vertebrate MLCKs. For example, the 210 kDa and 108 kDa isoforms of the chicken sm/nmMLCK both contain one Fn3 domain and respectively nine and three Ig domains ( Figure 7(b) ; Watterson et al., 1995) . On the other hand, the 65 kDa rabbit skMLCK contains only the kinase and regulatory domains and no Fn3 or Ig domain (Figure 7(b) ). Northern analysis suggests that the signal corresponding to the 5.6 kb transcript is expressed in late pupae and adults, although the quality of the signal is not optimal (Kojima et al., 1996; Tohtong et al., 1997) . On the other hand, the 3.3 kb transcripts seem to be expressed during all stages, with peaks during pupal stages. This suggests that while the expression of some Stretchin-MLCK isoforms is tissue and stage-speci®c, others are expressed throughout development. Although the evidence gathered so far might suggest that these MLCKlike isoforms of Stretchin-MLCK might be functional homologs of the vertebrate sm/nmMLCK and skMLCKs, further investigations will be required to determine if this is the case. Upon the completion of the Drosophila genome project (Adams et al., 2000) , we searched the BDGP database to ®nd the kinase sequences most closely related to the sm/nmMLCKs, and found two previously uncharacterized putative transcription units (CG1776 and CG1760). The kinase domains of these putative proteins are only 51.5 % (CG1776) and 42.5 % (CG1770) identical with the sm/nmMLCKs (Figure 6 ), which is lower than Stretchin-MLCK (56.7 %). Furthermore, neither (Watterson et al., 1995) ; rabbit skMLCK (Herring et al., 1990) ; Drosophila Projectin (Daley et al., 1998) ; Drosophila Kettin (Hakeda et al., 2000) ; C. elegans Unc-89 and human skeletal Titin .
Drosophila Stretchin-MLCK appears to have any sequences that encode Ig domains (not shown). The results of this preliminary analysis suggests that the short MLCK-like isoforms encoded by the Stretchin-Mlck transcription unit might be the closest functional homologs of the vertebrate sm/nmMLCK.
What sets Stretchin-Mlck apart from any transcription unit described so far is that it might express two sets of transcripts and proteins that do not overlap at all. Indeed, the translation of the 19.2 kb transcript corresponds to the amino terminal 698 kDa of the full-length Stretchin-MLCK (Figure 7(a) ). Since this isoform does not contain the kinase domain, but does have the PEVK and SAIDE repeats, which are analogous to Titin's extensible PEVK-rich region, we have named this putative protein Stretchin. Besides the PEVK regions, stretchin contains 24 Ig domains and the 1706 residue unique segment common with the full-length isoform. The protein that bears the most resemblance to Stretchin is C. elegans Unc-89, which is required for the proper organization of myosin thick ®laments into A bands . Like Stretchin, this 732 kDa protein contains a large number of Ig domains, present on either side of a repeated region (KSP repeat, Figure 7 (b); Benian et al., 1996) . Neither contains a kinase or a Fn3 domain, although the N-terminal tail of Unc-89 contains three signal transduction domains (SH3/dbl/PH; Figure 7(b) ).
Finally, the conceptual translation of our 7.7 kb transcript encodes a 269 kDa protein, with neither the kinase domain nor the PEVK regions (Figure 7(a) ). Since this isoform contains only Ig domains, it is reminiscent of Kettin, which contains 35 Ig domains, but no Fn3, kinase domain or PEVK region ( Figure 7(b) ; Hakeda et al., 2000) . Kettin's ability to simultaneously bind Actin and a-actinin suggest a role in Z disc integrity, where it is localized (van Straaten et al., 1999) .
Concluding remarks
Curating genes to predict the protein they encode is the ®rst crucial step following the sequencing of a genome. In some cases, this is relatively straightforward and can be done by automated computer analysis, with some scienti®c oversight. For example, the sequence predictions submitted by the BDGP for the``Stretchin'' portion of the transcription unit (CG18255, released after this manuscript was accepted) correctly assigned 20 out of 30 exon/intron junctions, which is impressive. But since it improperly assigned six junctions and added four that do not exist, the inferred transcript is missing 7.8 kb of coding sequences from the 19.2 kb transcript. In addition to providing an incomplete sequence of this transcript, the genomic annotations overlooked all internal promoters and failed to link the Stretchin transcription unit with the Mlck transcription unit.
For our characterization of the Stretchin-Mlck transcription unit, our computer and sequence predictions were only the beginning. cDNA sequencing and careful design of RT-PCR experiments proved to be essential to con®rm many of the intron-exon boundaries and link two transcription units that otherwise would have been thought to be distinct. The data presented in this report revealed a complex interplay of splicing, internal promoters and pA signals, producing seven different conceptual proteins. We believe this ®nishes the genomic sequence analysis for this transcription unit and sets the stage for extensive experimental work to understand the biological function of Stretchin-MLCK and its various isoforms, which are likely to play an important in muscle ultrastructure.
Materials and Methods

Genomic sequencing
Degenerate PCR oligonucleotides corresponding to conserved regions from the catalytic domain of chicken and Dictyostelium discoideum nmMLCKs (5 H aag gat cca tgg hgg hga ryt stt yga nmg nat 3 H and 5 H act gca gtc gac dcc rat vsw cca cat rtc 3 H ) were used to generate a 340 nt genomic PCR product, which was used to screen a Drosophila melanogaster genomic library (Thummel, 1993, personal communication) . A 16 kb fragment was recovered, 10 kb of which were sequenced by standard`m anual'' methods. This sequence was completed by contigs DS08018 and DS08658 (BDGP), part of the AE003808 contig.
Typical PCR reactions contained 0.5 mg of genomic template, 60 ng of forward and reverse oligonucleotides, 1Â Taq buffer (Stratagene), 3.0 mM MgCl 2 , one unit each of PerfectMatch (Stratagene), Taq and Pfu polymerases. Thermocycling was performed in a MiniCycler (MJ Research) as follows: one minute at 94 C, 35 cycles of 94 C for one minute, 50-55 C for one minute, 72 C for ®ve minutes. Cycling was followed by 72 C for ten minutes. PCR reactions were run on 1 % (w/v) agarose gels, excised and puri®ed with Quiaquick Gel Extraction Kit (Quiagen Inc): 8 ml of a 30 ml elution was mixed with 60 ng of oligonucleotides and sent for sequencing (ABI Prism, PE Biosystems).
Transcription unit modeling and computer sequence analysis
The transcription unit was modeled by layering MapDraw 2.0 ®les (DNASTAR Inc), BLASTX/BLASTN results (Altschul et al., 1997) and HighBias pro®les in Canvas 3.5 ®les (Deneba Software). Based on a Drosophila speci®c codon bias table (version 10.0; M. Ashburner, personal communication), HighBias is our own UNIXbased program that plots the statistical likeliness that a given segment is a coding sequence in each reading frame (M.B.C., K.A.E., B. Ramaswami and D.P.K., unpublished results). Putative intron junctions were assigned as described above (Figure 2) . Each boundary was veri®ed by cDNA or RT-PCR sequencing as described below.
Transcript sequencing
Plasmid DNA from BDGP/HHMI EST Project clones was isolated with Wizard Minipreps (Promega), and 1 mg was used for sequencing as described above.
Total RNA from various Drosophila stages was extracted following a standard LiCl/urea protocol, followed by RQ1 RNase-free DNase treatment (Promega), and by phenol/chloroform extractions. The ®rst strand was synthesized using Superscript II (Life Technologies), 5 mg of total RNA and 60 ng of gene-speci®c antisense oligonucleotides, following manufacturer's recommendation. A sample of 0.5 ml of the ®rst strand was used as template in a PCR reaction. PCR, gel puri®cation and sequencing were done as described above.
Sequence alignments
Sequences were analyzed using the Lasergene software package (DNASTAR Inc). The contiguous exon sequence was translated and run through BLASTX, BLASTP (Altschul et al., 1997 ; http://www.ncbi.nlm.-gov) and PFAM (Bateman et al., 1999 ; http://www.sanger.ac.uk) to identify protein motifs. Multiple protein sequences were aligned using MegAlign 3.03 (DNAstar Inc) and ClustalX (Thompson et al., 1997) . Figures were created using Canvas 3.5 (Deneba Software) on a PowerMac G3 (Apple).
